Acrylamide (AA), a proven rodent carcinogen, is found in a variety of commonly consumed human foods, which has raised public health concerns. AA is largely oxidized to the chemically reactive epoxide, glycidamide (GA), by cytochrome P450 2E1. The genotoxic eŠects of AA and GA have been extensively evaluated. However, the results in mammalian gene mutation tests were inconsistent, especially the genotoxic eŠects at the HPRT gene and TK gene. In this article, the relevant mutations induced by AA and GA on both gene loci in various test systems involving in vivo and in vitro tests are reviewed. It is conˆrmed that AA acts directly as a clastogen and produces weakly mutagenic eŠects at the HPRT gene probably by metabolic conversion of AA to GA. On the other hand, GA is a strong mutagen with high reactivity to DNA, inducing predominantly point mutations. The molecular mutation spectra of AA and GA at the HPRT and TK genes are also compared and summarized here, for better clarifying the mechanisms of mutation induced by these two compounds. These data would help to understand the mutagenicity of AA and its contribution to human cancers.
Introduction
Acrylamide (AA), a water-soluble vinyl monomer, has been produced since the 1950s by hydration of acrylonitrile (1) . It has multiple chemical and industrial applications around the world, such as the use in water treatment, manufacture of paper, plastics and textiles, and polyacrylamide gel preparation in research laboratories (2) . It is estimated human exposure from these applications is very limited. More recently, the concerns about the health risks of AA were transferred to the general population from the occupational exposure in the past, since it is found to form naturally during the frying, roasting or baking of carbohydrate-rich foods at very high temperatures, as a result of Maillard reactions involving asparagine and reducing sugars (3) . Total dietary daily AA intake has been estimated to correspond to about 0.5 mg AA per kg body weight on the basis of a normal western diet (4, 5) . In 2002, a consultation held by the Food and Agriculture Organization of the United Nations (FAO) and the World Health Organization (WHO) concluded that AA represented a``major problem'', because of the relative high levels in these foods (6) . Theˆnding has prompted renewed interest in its potential for toxicity in humans.
AA exhibits carcinogenicity in experimental animals, causing tumors at multiple organ sites in mice and rats when given in drinking water or by other means (6) . However, epidemiologic studies have failed to establish a relationship between AA exposure and an increased risk for cancer, in either occupationally exposed workers or the general populations of several countries in which AA is present in certain foods and beverages (7) . In 1994, AA was classiˆed as a probable human carcinogen by the International Agency for Research on Cancer (IARC, Group 2A), based on the signiˆcant evidence of carcinogenicity in experimental rodent models and DNA adduct formation in human bronchial cells (8, 9) . Because of the known human exposure and carcinogenic eŠects induced by AA in animals, it is critical to understand its potential for inducing genetic damages in animals as well as in humans.
In both humans and experimental animals, AA is largely oxidized to the chemically reactive epoxide, glycidamide (GA), by cytochrome P450 2E1 (CYP2E1) (10) . A broad body of evidence has demonstrated the genotoxicity of AA and its reactive metabolite epoxide GA (9, 11, 12) . AA exhibits clastogenic eŠects by induc-ing structural chromosomal aberrations, micronucleus formations, sister chromatid exchanges and mitotic disturbances in mammalian cells in vitro with or without metabolic activation. In the comet assay, AA could induce DNA damage in the FRTL5 and PC Cl3 rat thyroid cell lines (13) , as well as in human HepG2 cells (14) . In the micronucleus (MN) test, positive results were observed in rodents (15) (16) (17) Meanwhile, several studies reported the induction of chromosomal aberrations and mitotic disruptions following AA exposure of cultured mammalian cells, mostly Chinese hamster cell lines (11) .
While the direct-acting clastogenic eŠects of AA have been clearly elucidated, theˆndings in point mutation assays are inconsistent. As reported by IARC and FAO/WHO, AA did not induce gene mutations in Ames test with or without metabolic activation (18) , but GA was always mutagenic in the same assay even in the absence of an exogenous activating system (19) . On the other hand, AA has exhibited equivocal, negative, weakly or mildly positive response in mammalian cell gene mutations assays (20) . Most of the results above mentioned come from the studies measuring mutations at the speciˆc loci which code thymidine kinase (TK) and hypoxanthine-guanine phosphoribosyl transferase (HPRT ), respectively. In this article, the relevant mutations induced by AA and GA on both gene loci in various test systems are reviewed; these data would help to understand the mutagenicity of AA and its contribution to human cancers.
Mammalian Gene Mutation Assays at the HPRT and TK Loci
A wide range of assays are now available which enable the eŠective detection of the mutagenic and more generally genotoxic activity of individual chemicals and mixtures. Among these assays, the mammalian cell gene mutation assays on the HPRT gene and the TK gene have been widely used to determine the genotoxic potential of various agents. The HPRT mutation assay uses the HPRT gene as a reporter of mutation. This is a single copy gene at position Xq26-27 in humans, codes for HPRT, an enzyme in the nucleotide salvage pathway (21) . Mutations at this locus are recognized phenotypically by resistance to 8-azaguanine (8-AZA) or 6-thioguanine (6-TG), purine nucleotide analogues that selectively kill wild-type cells or cells with normal HPRT activity (22) . Similarly, in the TK mutation test, cells deˆcient in thymidine kinase due to the mutation of TK ＋/-to TK -/-are resistant to the cytotoxic eŠects of the pyrimidine analogue tri‰uorothymidine (TFT). Thus mutant cells are selected in the presence of TFT (23) . However, the HPRT gene mutation assay and TK gene mutation assay detect diŠerent spectra of genetic events: the former detects only intragenic mutations such as point mutations and small deletions (24) , while the latter is capable of detecting a wide range of mutational events, including point mutations, large scale chromosomal changes, recombination, aneuploidy and others (25) . Additionally, there is a striking feature existing in the TK mutant colonies, which is the induction of large colonies growing at normal growth rates and small colonies growing at slower rates. The relative frequency of the two colony classes is mutagen-dependent, with the chemicals that mainly induce gross chromosome aberrations primarily producing small colony mutants and chemicals that mainly induce point mutations primarily forming large colonies (26, 27) .
A variety of cell types are available for use in HPRT and/or TK gene mutation assays. In the assessment of mutagenic eŠects induced by AA and its metabolite GA, the cell subclones employed in TK and HPRT gene mutation assays include L5178Y TK ＋/-mouse lymphoma cell (18, (28) (29) (30) , human lymphoblastoid cell TK6 (31), Chinese hamster ovary (CHO) cell (32), Chinese hamster V79 cell (33) (34) (35) and human promyelocytic leukaemia cells HL-60 and NB4 (36) . More recently, the development of the mammalian cell gene assays employing rodent lymphocytes has also contributed signiˆcantly to the understanding of in vivo somatic cell mutagenesis induced by AA, including the assays performed in Big Blue mice, B6C3F1/TK mice and Big Blue rats (37) (38) (39) .
Mutagenicity of AA and GA at the HPRT Locus in DiŠerent Test Systems GA is consistently mutagenic at HPRT mutation assays in various test systems involving mammalian cell lines (32, 34, 35) and rodents (37) (38) (39) . On the contrary, some studies suggested that AA may not induce gene mutation in HPRT test. Tsuda et al. (33) and Baum et al. (34) reported the negative responses of AA in Chinese hamster V79 cells, independently. In theˆrst experiment, AA did not induce any gene mutation in Hprt locus even when V79 cells were treated with 7 mM AA (equal to 500 mg/l) for 24 h. In the second experiment, AA was inactive up to a concentration of 10 mM (equal to 710 mg/L) for 24 h. These results may support the concept of AA by itself not acting as a mutagenic agent at exposure levels to be expected from food ingestion. The concept has also been conˆrmed by the evidence that AA was non-mutagenic in bacterial gene mutation assays (11, 18) , in which AA consistently exhibited negative results using diŠerent strains of Salmonella typhimurium, including TA1535, TA1537, TA1538, TA97, TA98, TA100 and TA102 in the presence or the absence of an exogenous activating system.
However, studies at the HPRT gene have exhibited inconsistent mutagenic eŠects induced by AA in diŠer-ent models. Results obtained in some test models indicate the weakly or moderately positive responses of AA at Hprt locus. In 1988, Knaap et al. (18) reported a relatively weak activity of AA in L5178Y mouse lymphoma cells, with the maximum proportion increase of Hprt gene mutation for 6-fold at doses where cells exhibited fairly low survival levels. Similarly, mutation study in human promyelocytic leukaemia HL-60 and NB4 cell lines also showed AA exerted a weak mutagenic eŠect at the highest concentration used in that study after a 6 h treatment without the exogenous activation (36) . Although a linear increase in the mutant frequency (MF) with the increasing concentration of AA was found, the signiˆcant diŠerence occurred only at the highest concentration of AA (700 mg/L) in HL-60 cells (pº0.01) and NB4 cells ( pº0.01), respectively, where the MF was aboutˆve times higher than that of the control cultures in both cell lines. More recently, there was increasing evidence which suggested that AA as well as GA, produced increased lymphocyte Hprt mutant frequencies (MFs) in rodent animals, including in Big Blue mice, B6C3F1/TK mice and Big Blue rats (37) (38) (39) . Manjanatha et al. investigated the mutagenicity of AA and GA in Big Blue mice (37) . Groups of male and female animals were administered 1.4 or 7.0 mM of AA or equimolar doses of GA in drinking water (equivalent to daily received doses of ¿20 and 100 mg/kg body weight) for 3-4 weeks, then Hprt mutation assay was conducted in lymphocytes isolated from spleen. It was found that both AA and GA exposure resulted in signiˆcant dose-dependent increases in the Hprt MFs, with the high doses producing response 16-25-fold higher than that of the control (pº0.01). Although the result indicated that AA was a mutagen in mice via oral administration, the doses of AA used in the study were higher than those used in cancer bioassays. In the subsequent study, the same research group continued the examination of mutagenicity of AA and GA in Big Blue rats exposed to the doses similar to that used in cancer bioassays (39) , 0.7 and 1.4 mM (equivalent to ¿5 and 10 mg/kg body weight/day ) of AA or GA via oral administration for 2 months. Data showed both compounds produced small but signiˆcant increases in spleen lymphocyte Hprt MF ( pº0.05), with the increases having dose-related linear trend ( pº0.05 to pº0.001). The MFs in the rats treated with an exposure concentration of 1.4 mM AA (male: 8.0±4.3×10 -6 and female: 11.6±2.2×10 -6 ) were signiˆcantly higher than those in the controls (3.7±1.7×10 -6 and 7.5±1.8 ×10 -6 ). Altogether, these results indicate a disrupted mutagenicity of AA at the Hprt locus in diŠerent test models.
According to these results, it can be supposed that the inconsistence in mutagenicity induced by AA should be mainly due to the diŠerence on the metabolic conversion of AA to GA in various models, and this hypothesis was conˆrmed in a series of studies by comparing the mutagenic potential between AA and GA in both in vitro and in vivo tests. In contrast to the negative result of AA obtained at the concentration up to 10 mM in V79 cells without the metabolic activation (34) , GA showed a concentration dependent induction of Hprt mutations from 800 mM upwards (MF: 14±8×10 -6 ; solvent control MF: 4±2×10 -6 ). The TK gene mutation assay also demonstrated that GA is more potent than AA in mutation induction. Koyama et al. (31) compared the mutagenicity of both compounds in human lymphoblastoid TK6 cells in the absence of metabolic activation, and found AA was mildly genotoxic in the micronucleus and TK assays at high concentrations (À10 mM), whereas GA was signiˆcantly and concentration-dependently genotoxic from 0.5 mM at all endpoints determined, including micronucleus, comet and TK assays. Another test in L5178Y mouse lymphoma cells also came to a similar conclusion that GA is much more mutagenic than AA (30) . Moreover, in vivo experiment in adult Big Blue mice demonstrated the treatment of equimolar doses of AA and GA produced comparable increases in mutant frequencies (37) . There is substantial evidence that GA acts as the ultimate genotoxic metabolite in mice, rats and humans (40, 41) . It interacts with DNA bases, predominantly by forming N7 adducts with guanine and, to a much lower extent, N3 adducts with adenine (42, 43) . It has been generally believed that GA is a direct-acting mutagen in mammalian cells as well as in bacteria.
Since the signiˆcant diŠerence exists between the mutagenic potential of AA and its reactive epoxide metabolite, GA, it should be deduced that more potent mutagenic eŠects will be exerted in cells or tissues with the elevating capability of metabolic conversion of AA to GA. Therefore these disrupted results of AA above mentioned may be mainly ascribed to the fact that endogenous generation of GA deriving from the activation of CYP2E1 is apparently discrepant in various of systems. AA was reported in 1988 to be mutagenic in Hprt gene for theˆrst time in mammalian cell line, L5178Y mouse lymphoma cells (18) . This result is similar with that obtained in human leukaemia HL-60 and NB4 cell lines (36) . Mouse lymphoma cells have been found to detect the mutagenicity of 2-AAF (44), a promutagen which requires metabolic activation to exert its genotoxic eŠect, suggesting the residual endogenous metabolic capability in these cells. Likewise, human myelocytic leukaemia cell lines including HL-60 cells, have been reported to have high expression of CYP2E1 (45) . In contrast to the negative responses obtained in cells such V79 cells, the distinct mutagenic eŠects in the HPRT gene found in these mouse or human lymphoma cells in the absence of exogenous activation are induced probably through the endogenous metabolism of AA to GA. In mice, about 60z of AA is metabolized by CYP2E1 to GA (46) , and mice devoid of CYP2E1 show much reduced levels of male germ cell mutations, micronuclei and GA-DNA adducts compared to their wild-type counterparts, with administration of AA (47) (48) (49) . These data also support that metabolic activation of AA may be responsible, at least partially, for HPRT mutation induction. Certainly, detailed mechanism is worth clarifying in the future.
Comparison of the AA-and GA-induced Mutagenicity between the HPRT and TK Loci
The genotoxic eŠects induced by AA and GA also have been estimated with TK gene mutation test, which is another widely used mammalian gene mutation assay. Other than the disrupted mutation results from HPRT locus, the results obtained at TK gene demonstrate a relatively consistent mutagenic potential not only induced by GA, but also induced by AA, which is considered to be a promutagen at HPRT locus. As early as 1987, Moore et al. (31) . It should be noted that these weakly or mildly positive responses at the TK gene were obtained independently of the addition of exogenous metabolic activation systems. Furthermore, Yuan et al. (29) detected the genotoxicity of AA in mouse lymphoma cells and found AA exerted a moderate mutagenic eŠect at the concentration AE300 mg/L, while the assessment of cytotoxicity indicated that AA induced a half decrease in plating e‹ciency (PE) only at the concentrations AE150 mg/L. The same research group also investigated the AA-induced mutation at the HPRT locus, as mentioned above (36) , AA exerted a weak mutagenic eŠect only at the highest concentration of 700 mg/L in HL-60 cells as well as NB4 cells, however, signiˆcant toxic eŠect on PE was already generated at the concentrations AE50 mg/L in HL-60 and AE300 mg/L in NB4 cells. These comparisons suggested that the TK gene is more sensitive than the HPRT gene to the mutagenicity of AA.
DiŠerent from HPRT gene mutation assay, which detects only intragenic mutations such as point mutations and small deletions, the genetic endpoints detected by the TK mutation assay are multiple, involving point mutations, small deletions, large-scale chromosomal deletions, and so on (50) . Moreover, by calculating the relative frequency of two kinds of colonies, or by analyzing the loss of heterozygosity (LOH) in mutants, TK gene mutation test can be used to roughly estimate the cause of genotoxic eŠect. Davies et al. (51) had reported that the diŠerence in sensitivity between these two assays was due to the types of genetic damage induced by agents. If the agents predominantly induce clastogenic eŠects, the TK mutation assay will be more sensitive than the HPRT mutation assay. When the agents mainly lead to intragenic mutations, these two assays may have similar sensitivity to detect the mutagenicity of the agents (26, 27) . As to AA, it is widely believed to be a directacting clastogen. AA in vitro induces chromosomal aberrations, micronuclei, sister chromatid exchanges and mitotic disturbance with or without the metabolic activation. It also induces positive responses in the TK locus in vivo and in vitro (18, (28) (29) (30) (31) 38) . Further analysis of Tk mutants in mouse lymphoma cells showed AA induced almost exclusively small-colony mutants, which appear to represent chromosome alterations to that chromosome 11 carring the Tk locus (28). Mei et al. (30) revealed all the mutants induced by 16 mM AA, including 48 large colonies and 48 small colonies, lost heterozygosity at the Tk locus, conˆrming the clastogenic mode of action of AA again. On the other hand, Yuan et al. (29) found that besides the 78.8z (123/156) of the mutants which showed LOH at the Tk locus, there were still 16 LOH-negative mutants which showed base substitutions or an insert mutations. These results, combined with previous results indicating that AA induced substitutions and -1/＋1 frameshifts in cII gene (37, 52) , and induced weakly positive response at the HPRT gene in mammalian cells (18, 36) , suggest an weak eŠect of intragenic mutations implicates in AA-induced mutagenesis, besides its predominantly induced large-scale chromosomal deletions.
In contrast, GA is positive in most genotoxicity test and is recognized as a mutagen by producing DNA adducts in target cells. The mutagenic activity induced by GA is much more potent than that of AA not only at the HPRT locus, but also at the TK locus (30, 31, 34, 37) . Moreover, LOH analysis of the TK gene showed most GA-induced TK mutants were the non-LOH type in human lymphoblastoid TK6 cells (31) , suggesting the induction of primarily point mutations for GA. These results conˆrm the point mutations of GA in bacterial test systems (19) , in transgenic mutation test systems (37) and in other mammalian cell test systems such as HPRT test (32, 34) . However, as well as AA, GA was revealed in mouse lymphoma cells to induce LOH in more than 94z of the Tk mutants (30) , indicating that the mutations mainly resulted from extensive damage to the chromosome; and that mutagenicity of GA was generated by a clastogenic mode of action rather than a point mutation mode-of-action. This result is entirely diŠerent from that obtained in human TK6 cells (31) . The diŠerence between these two TK gene mutation assays may due to the diŠerent sensitivity to GA treatment and the mutations analyzed from diŠerent concentrations (2.2 mM in TK6 cells and 4 mM in mouse lymphoma cells). In addition, p53 gene status is diŠerent between these two cell lines. L5178Y/Tk ＋/-mouse lymphoma cells are p53-mutant cell line while TK6 cells has a wild p53 gene. Since studies have proved that LOH and its associated genomic instability strongly depend on p53 status in human lymphoblastoid TK6 cell line and its related cell lines, TK6-E6 and WTK-1 (50), it may be postulated that GA-induced chromosomal mutations in mouse lymphoma cells are most likely associated with the deˆciency of functional p53, which is responsible for the elimination and repair of LOH, and a variety of chromosome changes. However, distinct mechanism of GA-induced mutagenicity remains to be investigated in further studies.
Mutation Spectra Analysis of AA and GA at the HPRT gene and TK gene Both HPRT gene and TK gene mutation assays can be used to characterize the molecular mutation spectra, furthermore, to elucidate the mechanisms underlying the genotoxicity induced by various agents, by analyzing the exon deletion, or detecting the DNA sequence of the speciˆc genes in selected mutants. There are consistent results indicating that spontaneous mutation at the HPRT locus in some cell types includes mainly point mutations, which can not be distinguished by using multiplex PCR method only (53) . However, in the mutation study of human leukaemia HL-60 and NB4 cell line (36) , the percentage of exon deletion in AA-induced HPRT mutants was much higher than that in spontaneous mutants, and an increase in the proportion of partial deletion was associated with the increase of AA concentration. Moreover, single exon deletion was found to be the predominant mutation of AA. These results suggest that the spectra of spontaneous and AA-induced mutations are distinctly diŠerent, and small changes (the nature of the point mutations and single exon deletions) in genetic structure (on the exon level) have something to do with AA-induced mechanisms. However, sequence analysis at the HPRT gene is rarely conducted in AA-or GA-induced mutants. Only in Big Blue rats, the mutation spectra induced by AA and GA were analyzed for lymphocyte mutants (39) . Sequence analysis diŠerentiated the AA-induced spectrum from the control and GA-induced spectrum, with relatively large diŠerence being an increase in G:CªT:A transversion and framshifts. However, similar increases in the transversion were not observed in the mutation spectrum from GA-treated rats. Because of the small number of Hprt mutations identiˆed in the study, any conclusion drawn from the data may be potentially misleading.
Mutation spectrum analyses of the TK mutants have provided valuable evidence for understanding the mechanisms of mutagenicity. Koyama et al. (31) analyzed the molecular mutation spectra of human TK mutants induced by AA or GA with PCR-base LOH analysis, and classiˆed the mutants into three types: non-LOH, hemizygous LOH (hemi-LOH) and homozygous LOH (homo-LOH). In general, hemi-LOH is resulted by deletion and homo-LOH is by inter-allelic homologous recombination. The results showed majority of the AA-induced mutants were hemi-LOH, which is a result of deletion. Because deletions are thought to result from the repair of double strand breaks by nonhomologous end-joining, these results supported the hypothesis that predominantly, AA is a clastogen and it causes mainly large-scale chromosome changes including deletion. At the same time, LOH-mapping analysis in chromosome 17q revealed that AA frequently induces intermediate-sized deletions (100-3000kb), and the deletions encompass exons 4 and 7 of the TK locus but do not extend to the microsatellite loci of the vicinity. In another study, LOH analysis was conducted using four microsatellites spanning the entire chromosome 11 to determine the types of mutation in mouse lymphoma cells (30) . In consistence with the results in human TK mutants, AA-induced mouse mutants showed exclusively LOH (100z), conˆrming the clastogenic mode of action of AA again. However, LOH-mapping analysis revealed these LOH were more likely to extend to microsatellite loci D11Mit22 and D11Mit74, indicating the alteration of DNA larger than half of the chromosome 11. The diŠerence of LOH distribution between human mutants and mouse mutants induced by AA is worth investigating in the future, to better understand the genotoxic mechanism of AA.
Just as above mentioned, molecular mutation spectrum of GA-induced Hprt mutants in Big Blue rats is diŠerent from that of AA-induced mutants, which showed an increase in G:CªT:A transversion and framshifts (39) . Similarly, statistical analysis of the mutational spectra in Tk mutants revealed a signiˆcant diŠerence between the types of mutations induced by AA and GA treatment in mouse lymphoma cells ( p＝ 0.018) (30) . The diŠerence suggests that AA and GA may produce mutations via diŠerent mechanisms. GA, the metabolite of AA, acts directly as a mutagen via DNA adduct formation, and GA DNA adduct-speciˆc mutations (i.e., GªT transversions) have also been identiˆed in mammalian cells (54) and animals (37) . AA, on the other hand, is predominantly clastogenic along with relatively weak mutagenicity in some sys-tems. It is generally believed that AA exerts genotoxic eŠects mainly in two diŠerent ways (20) . Theˆrst is its metabolic conversion to GA, which may be responsible for its mutagenicity at the HPRT locus. The second way is that AA can function as a Michael acceptor and form adducts with thiol, hydroxyl or amino groups, and to a lesser extent the nucleophilic centers in DNA (9) . Solomon et al. (55) demonstrated that AA is slow to react with DNA and only forms adducts under forced chemical conditions and after extended reaction time. However, the Michael-type addition of AA to thiols of glutathione (GSH) occurs most e‹ciently. The conjugation of AA with GSH can result in depletion of cellular GSH, which is a molecule protecting the cell against endogenous and exogenous oxidants and electrophiles. Others have also reported that AA produces reactive oxygen species that can attack all cellular constituents and induce oxidative DNA damage (14, 56) . Oxidative stress can cause DNA damage including double-strand breakage, which is repaired through recombinational repair or end rejoining, both of these repair mechanisms could result in LOH. There have been increasing data suggesting the possibility that the latter mechanisms may be responsible for the genotoxicity of AA in some experiments. Puppel et al. (57) demonstrated signiˆcant inductions of DNA strand breaks with AA treatment in V79 cells that do not express CYP2E1. More recently, Koyama et al. (58) reported the equally weak genotoxicity of AA in human lymphoblastoid cell line overexpressing CYP2E1 and its parental cell line, indicating the metabolic activation of AA may not involve to its genotoxic eŠects in some in vitro models. Therefore, the clastogenisity of AA without metabolic activation might result from the relatively increased ROS and/or the impaired oxidative defense system (57).
Summary
In summary, the in vitro and in vivo mammalian cell gene mutation assays at the HPRT gene and TK gene have been used to determine the genotoxic potential of AA and its epoxide metabolite GA. In consistence with the results obtained in other mutation tests, mutation changes at the HPRT gene and TK gene conˆrm that AA is mainly directly-acting clastogen, causing chromosomal aberrations, AA also produces weakly mutagenic eŠects at the HPRT gene by metabolic conversion of AA to GA. The genotoxic characteristics of GA are distinctly diŠerent from AA. GA is a strong mutagen with high reactivity to DNA, inducing predominantly point mutations. Analysis of the molecular mutation spectra in HPRT and TK mutants identiˆes the characteristic mutation changes induced by AA or GA respectively, providing clues to elucidate the mechanisms underlying the genotoxicity of AA and GA. Since AA was found in a variety of commonly consumed human foods and classiˆed as a probable human carcinogen, these investigations on the genotoxicity of AA should help to unravel the mode of action underlying AA-induced carcinogenesis. For the future studies, increasing the knowledge of genotoxic damage in AA-exposed population will help to identify biomarkers used for monitoring of human exposure, to improve the risk evaluation of AA. In addition, the relationship between AA-induced genotoxicity and human genetic polymorphisms is a newˆeld of research and only a limited amount of imformation is presently available. Genetic polymorphisms in DNA repair, oxidative stress pathway and xenobiotic metabolism may constitute useful biomarkers for the assessment of individual susceptibility to the genotoxic damage induced by AA, and add to the precision of epidemiological studies on cancer associated with AA exposure.
